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We measured the spin rectify effect and the inverse spin Hall effect in Nb-doped SrTiO3 by
injecting the spins from ferromagnetic thin films to SrTiO3 using spin pumping. It was shown
that the spin injection is increased when the doping level is increased. However, the spin Hall
angle decreases when Nb occupies more than ∼2% of the Ti sites, which is due to that beyond this
concentration, the electron contributed the spin Hall effect is from the d−orbitals of Nb instead
those from the Ti. Our work points to the importance of orbital occupations in the (inverse) spin
Hall effect. We may explore controllable spin and charge interconversion in oxide spintronics.
I. INTRODUCTION
Manipulation interconversion between electron and
spin signals are the essential topic of modern spintron-
ics. The spin Hall effect1 and its reciprocal part are the
two effects where the spin propagation leads to electron
flows in certain directions, namely electronic current or
vice versa. The effects were widely explored in heavy
metals due to the strong spin orbital coupling (SOC) in
them. The spin dependent scattering of electrons are due
to the crystal potentials, which is exhibited by the split-
ting of the energy bands due to the SOC. Impurities are
additional scattering centers which were originally pro-
posed to be the source of the spin Hall effect based on
the Mott’s skew scattering picture. The impurities can
also change the resistivity of a material, so that the spin-
to-charge conversion efficient can be tuned. Systematic
study of the spin Hall effect in Ta2 shows that the spin
Hall angle can be tuned by the resistivity of Ta when it
is dominant by the intrinsic mechanism. This enhance-
ment of the spin Hall conductivity(SHC) due to the re-
duction of the longitudinal conductivity was proposed by
Sui et al. from ab initio calculations when β−tungsten
was taken as an example3. Substitution of W with Ta
can tune the Fermi level to the gap induced by SOC and
the contributions of Berry curvature are enhanced com-
pared with the case that it is canceled if the Fermi level
is positioned at one of the SOC-split bands. As we can
see, that the extrinsic effects are mainly focused in metals
doped by heavy metals or alloys of heavy metals. Giant
extrinsic spin Hall effect due to rare-earth impurities was
expected because of the strong spin orbital interactions
and proper orbital degree of freedom4. Lateral spin valve
structures are used to obtain the extrinsic spin Hall ef-
fects of several doping nonmagnetic metals, Cu or Ag
with impurities having a large spin-orbit coupling, Bi or
Pb. The spin Hall resistivity is found to be linear with
the electric resistivity5. The spin diffusion length is found
to exponentially decrease with the impurity concentra-
tion where the resistivity increases due to the impurity
scattering probability6. In addition to the doped metals,
conducting 5d oxides shows intrinsic SHE are also stud-
ied by Fujiwara et al.7, which overcomes the limitations
of resistivity encountered in noble metals and Cu-based
alloys and shows a very larger spin Hall resistivity ρSH
∼ 38 µΩ·cm at the room temperature.
Doping is the key to control the electron transporta-
tion in semiconductors. It may as well serve to control
the spin-to-charge conversion efficiency, so that spintron-
ics based on semiconductors can be fertilized. The spin
current was able to be generated and transported in p−Si
at room temperature8. The spin diffusion length was
estimated to be about 150 nm. The spin Hall effect
in a doped semiconductor was calculated by diagram-
matic perturbation theory9 as well as by solving analyt-
ically the kinetic equation including skew scattering at
impurities10. The theory of extrinsic spin Hall conduc-
tivity in n−Doped GaAs was developed by Engel et al.10
by treating the SOC as perturbations within the Boltz-
mann theory of transportation. The spin current was
found to be reasonable agreement with experiments by
Kato et al.11 when the parameters are properly taken
from experiments.
There are rich properties found in SrTiO3 due to its
multi-orbital and the correlated d−electrons12. It was re-
ported that Nb-doped SrTiO3 is a good candidate for n-
type thermoelectric oxide usable at high temperatures13.
The carrier effective mass (m∗) is about 7 times larger
than that of the free electrons which comes from the
d−orbitals. Large linear magnetoresistance (MR) was
observed due to the combination of the interplay be-
tween the large classical MR due to high carrier mobil-
ity and the electronic localization effect due to strong
SOC14. The Nb concentration dependent SOC was fur-
ther investigated15, which shows a proportionality. It
was proposed to be a candidates for channel materials in
spintronic devices.
In this work, we measured the ISHE voltage in the Nb-
doped STO by spin pumping. DC voltages were obtained
at the different dopant concentrations. We found that the
spin conversion efficiency decreases upon Nb concentra-
tion, which is due mainly to the different orbital occupa-
tions when the concentration are increased.
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2FIG. 1. The schematics of the microstrip fixture used in the
experiment. The angle between the x-axis and the static mag-
netic field H is ΦH .
II. SAMPLE PREPARATION AND
MEASUREMENTS
The Nb-doped crystal Sr(NbxTi1−x)O3 with x = 0.01,
0.015, 0.028, 0.05, 0.1, 0.15, 0.2, and 0.25 are commer-
cially available from the SurfaceNet GmbH. The dimen-
sion of the substrate is 10 mm×5 mm×0.5 mm. We grew
thin permalloy(Ni80Fe20,Py) films onto the (001) surfaces
of the STO with the film thickness of 20 nm by AC mag-
netron sputtering. The properties of the ferromagnetic
thin film under the RF field was measured by a shorted
microstrip fixture which works in a broadband microwave
frequency from 2 GHz up to 5 GHz as in our previous
works16. The sample was placed between the center con-
ductor and the ground which is schematically shown in
Fig.1. A static magnetic field H is applied with an angle
ΦH in the direction of the short side of the sample. The
microwave magnetic field is assumed along the long side
of our samples in this setup. When the two fields ful-
fill the ferromagnetic resonance(FMR) condition17, spin
currents will be pumped from the magnetic layer to the
nonmagnetic SrTiO3, in which the spin currents will be
converted into a charge current due to the spin orbit cou-
pling. The so-called Inverse Spin Hall (ISHE) voltage can
be measured along the long side of the sample.
When the shorted microstrip is used, a microwave mag-
netic field and a microwave electric field are generated.
Due to the AMR effect in the magnetic metallic films,
the resistance is alternative which leads to the rectify-
ing effect (SRE) in the metallic magnetic layer. The DC
voltage measured then is the ISHE voltage, when exists,
mixed with the SRE voltage. In principle this mixture of
the signal is always present once a conducting magnetic
film is used and placed at the place where the alternating
electric field is nonzero. Based on the fact that the SRE
is independent of the spin injection direction, while the
FIG. 2. DC Voltage of Py/SrTiO3 measured at the frequen-
cies from 2.0 GHz up to 4.4 GHz with the step of 0.4 GHz.
This is the manifest of the SRE effect.
ISHE is an odd function of it, if the spin injection direc-
tion reverts, the ISHE voltage changes sign and the SRE
voltage remains. A method was proposed to separate in-
verse spin Hall voltage and spin rectification voltage by
inverting spin injection direction16 and used in this study.
III. RESULTS AND DISCUSSIONS
A. FMR and the Magnetic Properties
In order to characterize the magnetic properties of the
Py thin films, the samples are put into the fixture. DC
voltages are measured around the FMR with the mi-
crowave frequency varies from 2 GHz up to 4.4 GHz with
the step of 0.4 GHz. At each of the different frequencies,
a static magnetic field H is varied from 0 to 450 Oe. The
voltages obtained at the varied fields and frequency are
shown in Fig.2.
As a result of the frequency-dependent microwave
propagation and losses within the setup, the intensity of
the signal varies when the frequency changes. However,
the magnitude of the signal does not play a role in the
characterization of the samples. The voltage can be ob-
tained by combination of symmetric and antisymmetric
Lorenzian lines as in Equ.(1) and (2):
Vdc = AL · L+AD ·D, (1)
L =
∆H2
4(H −Hr )2 + ∆H2 and D =
2∆H(H −Hr )
4(H −Hr )2 + ∆H2 ,(2)
where Vdc is the DC voltage. AL and AD are the intensity
of the symmetrical and antisymmetric components, re-
spectively. Hr is the resonant magnetic field, and ∆H is
linewidth of the FMR. Thus, by fitting the data obtained
in Fig. 2, the frequency dependence of FMR linewidth
(∆H) of the samples, and the frequency dependence of
3FIG. 3. Magnetic film characterized at FMR: the frequency
f varies with resonance field Hr in Py/STO.
the resonance magnetic field (Hr) of the samples can be
obtained as shown in Fig. 3.
According to the Kittel’s model for FMR, the reso-
nant magnetic field (Hr) and the frequency (f) satisfy
the following equation:
f =
γ
2pi
√
(Hr +Hk) (Hr +Hk + 4piMs). (3)
where γ = 2.21× 105 m/(A·s) is the gyromagnetic ratio,
Hk is the magnetic anisotropy field, and 4piMs is the
saturation magnetization.
By the fitting, we can obtain the magnetic anisotropic
field and the saturation magnetization of the Py films de-
posited on the substrates with different doping concen-
trations as shown in Fig. 4. The anisotropic field varies
between 3 and 5 Oe while the saturation magnetization
is between 7200 and 7800 Oe. As we prepared the films
under the same condition, the two magnetic parameters
are the same between the samples within the accuracy of
the experiments. The dopant concentration of the sub-
strate does not influence the magnetic properties of the
thin films.
The damping coefficient α of the different samples
can be obtained by fitting the relationship between the
linewidth (∆H) and the frequency (f) to the following
linear expression:
∆H = ∆H0 +
4piαf√
3 |γ| , (4)
where ∆H0 is the intrinsic linewidth, and α is the damp-
ing coefficient.
The data and the fitted lines are shown in Fig. 5. It
can be observed that the data can be fitted well with the
linear equation. The intrinsic linewidth clusters to below
4 Oe indicating the magnetization damping due to the
intrinsic defects are almost the same and very low. The
damping coefficient α is clearly the function of doping
concentration. It increases from 0.022 to 0.033 when the
Nb concentration x increases from 0.00 to 0.25. The in-
crement of the damping coefficient is the signature of the
FIG. 4. The effective saturation magnetization 4piMs and the
anisotropy constant (Hk) of the magnetic films deposited on
the STO with different doping concentration.
FIG. 5. The relationship between the linewidth ∆H and the
frequency f . The damping coefficient α at different doping
levels (x) obtained by fitting is shown in the inset.
increment of the spin angular momentum losses. This
is mainly due to the enhanced conductivity of the STO
substrate with the increased doping levels. Within the
diffusion theory, the spin relaxation time is proportional
to the electron relaxation time. Within this theory, the
spin diffuses into the STO more easily when the electron
conductivity of the sample is higher.
B. Inverse spin Hall voltage and the Spin Hall
Angle
The inverse spin Hall voltages of the samples with dif-
ferent doping concentrations obtained from our measure-
ment with the microwave power P = 600 mW and fre-
quency f = 3.6 GHz are shown in Fig.6.
4FIG. 6. (color online) The ISHE voltage with the different
doping concentrations measured under the external magnetic
field at 3.6 GHz.
It can be found from Fig.6 that at the doping levels of x
= 0.01, 0.015 and 0.028 the Py/Sr(NbxTi1−x)O3 samples
have obvious inverse spin Hall voltage, while in the other
samples the inverse spin Hall signals are negligible. The
intrinsic STO (x = 0) is insulating, so that the spins
generated in Py cannot diffuse through the interface of
the Py/STO. As the result, there is no ISHE voltage
detectable as shown by the black filled squares in the
figure. For the other samples with higher Nb doping
concentration (x ≥ 0.028), the ISHE voltage is however
diminishing.
When the spin current is injected into the doped STO,
the inverse spin Hall voltage (VISHE) measured in the
samples can be expressed17 as Equ. (5):
VISHE =
lθλN tanh (dN/2λN )
dNσN + dFσF
(
2e
~
)
j0s . (5)
with the spin current j0s :
j0s =
gγ2hRF
2~
[
4piMsγ +
√
(4piMs)
2
γ2 + 4ω2
]
8piα2
[
(4piMs)
2
γ2 + 4ω2
] , (6)
where l is the length of the sample. θ and λN are the
spin-Hall angle and the spin diffusion length of the Nb
doped STO. σN(F ) is the conductivity of the nonmag-
netic(ferromagnetic) layer. dN (F ) is the thickness of
them. e is the electron charge, ~ is the Dirac constant,
and g is the real part of the spin mixing conductance.
hRF is the microwave magnetic field magnitude with an-
gular frequency of ω.
The spin mixing conductance g is calculated by
g =
2
√
3piMsγdF
gLµBω
(
∆HF/N −∆HF
)
, (7)
where gL is the Lande´ factor, µB is the Bohr magneton,
and ∆H is the linewidth at ferromagnetic resonance. The
FIG. 7. The spin Hall angle (θ) vs. the doping concentra-
tions (x). The spin mixing conductance g with respect to the
electron conductivity σ is shown in the inset.
parameters used in our calculation are γ = 2.21 × 105
m/(A·s), ω = 2.262 × 1010 rad/s, and dF = 20 nm. In
order to estimate the microwave magnetic field magni-
tude, we calculated the power absorption of the samples
at the FMR. When the microwave power density is not
very large, the relationship between the power absorp-
tion (∆P ) in the Py films and the microwave magnetic
field (hRF ) can be expressed as
18:
∆P = V
µ0γ4piMs
4α
h2RF
γ4piMs +
√
(γ4piMs)
2
+ (2ω)
2√
(γ4piMs)
2
+ (2ω)
2
 .
(8)
Using Equ. (5),(6), (7) and (8) with parameter dN = 0.5
mm, we obtain the spin-Hall angle (θ) of the samples
with different doping concentration as in Fig. 7.
We first notice that the spin Hall angle is about 0.22,
which is the same order of magnitude as that of the heavy
metals, such as Ta ∼ 0.1. However, the spin Hall angle
decreases with the dopant concentration, although the
spin mixing conductance is increased as shown in the
inset of the same figure. This is on the contrary to the
case of doping in metals, which means that there are
more spins diffuse into the nonmagnetic substrate, the
conversion efficiency is largely reduced. The conversion
efficiency of the spin into the charge current is complex
as exampled in this work.
As widely accepted that the extrinsic mechanism of
spin Hall conductivity has two sources, namely the side-
jumping (SJ) and skew scattering (SS). The conduc-
tivity obtained by the sophisticated Green’s function
calculations9 shows that the SJ contribution to the spin
Hall conductivity is
σSJxy =
e2λ20
4~
n, (9)
where λ0 is the SOC strength and n is the electron den-
5sity. Within the Drude model, the longitudinal electron
conductivity can be written as σxx = ne
2τ/m. The spin
Hall angle can be written as
θSJ =
σSJxy
σxx
=
mλ20
4~
1
τ
. (10)
That from the SS reads as
θSS = −pimλ20F /3~2. (11)
By this consideration, the spin Hall angle is proportional
to λ20. According to the estimation of Cho
15, the SOC
field BSO is about 1 T when x = 0.02, increase with
a rate of 0.21 T/at.% with the dopant concentration.
However, according to our results, the spin Hall angle
decreases with the doping concentration which points to
the conclusion that the effective mass is greatly reduced
by doping. According to the work by Cho et al.15, when
the concentration of Nb larger than 0.02, the Fermi level
situates above the orbital of Ti dz2,x2−y2 and enters the
states contributed by the Nb d−electrons. In this case,
we see the importance of the individual orbitals which
determine the SHE. We also note that in recent work on
Ta2, the authors show that the enhancement of the spin
Hall angle by increase the resistivity of Ta. The same
tendency was observed also in CuBi alloys5. Although
our work shows the same tendency, the mechanism is
different.
We may take some order-of-magnitude estimation of
the parameters for the samples with obvious spin Hall
effect. The relaxation time τ in STO is typically 10−13−
10−12, the spin Hall angle of 0.22, and the effective elec-
tron mass m ∼ 7.5m0, we get λ0 of order 1 × 10−9
m, which is a factor of only about 100 times enhance-
ment over the vacuum electron Compton wavelength of
3.9 × 10−11 m. This is at the same order of magnitude
as that of p−doped GaAs9.
IV. CONCLUSIONS
We have shown in this work, that doping STO with
atoms endowed with considerable SOC, the spin current
can be converted to the charge current. However, the
conversion efficient does not proportional to doping level.
In our work, the ISHE can be observed when the doping
concentration is below 0.02 %. When the concentration
is beyond that level, the conversion of spin charge to the
charge current is negligibly small. Also the spins diffuse
more efficiently to the STO layer due to the enhancement
of the conductivity, the conversion of the spin current to
the charge current is dependent on the orbitals.
V. ACKNOWLEDGMENTS
Financial support from National Key R&D Program of
China (No.2017YFB0406403) was greatly acknowledged.
1 J. E. Hirsch. Spin hall effect. Physical Review Letters,
83(9):1834–1837,1999.
2 Edurne Sagasta, Yasutomo Omori, Sau¨l Ve´lez, Roger
Llopis, Christopher Tollan, Andrey Chuvilin, Luis E.
Hueso, Martin Gradhand, YoshiChika Otani, and Fe`lix
Casanova. Unveiling the mechanisms of the spin hall effect
in ta. Physical Review B, 98(6), 2018.
3 Xuelei Sui, Chong Wang, Jinwoong Kim, Jianfeng Wang,
S. H. Rhim, Wenhui Duan, and Nicholas Kioussis. Giant
enhancement of the intrinsic spin hall conductivity in β
-tungsten via substitutional doping. Physical Review B,
96(24), 2017.
4 T Tanaka and H Kontani. Giant extrinsic spin hall ef-
fect due to rare-earth impurities. New Journal of Physics,
11(1):013023, 2009.
5 Y. Niimi, H. Suzuki, Y. Kawanishi, Y. Omori, T. Valet,
A. Fert, and Y. Otani. Extrinsic spin hall effects mea-
sured with lateral spin valve structures. Physical Review
B, 89(5), 2014.
6 Yasuhiro Niimi and YoshiChika Otani. Reciprocal spin
hall effects in conductors with strong spin–orbit coupling:
a review. Reports on Progress in Physics, 78(12):124501,
2015.
7 Kohei Fujiwara, Yasuhiro Fukuma, Jobu Matsuno, Hiroshi
Idzuchi, Yasuhiro Niimi, YoshiChika Otani, and Hidenori
Takagi. 5d iridium oxide as a material for spin-current
detection. Nature Communications, 4(1), 2013.
8 Eiji Shikoh, Kazuya Ando, Kazuki Kubo, Eiji Saitoh,
Teruya Shinjo, and Masashi Shiraishi. Spin-pump-induced
spin transport inp-type si at room temperature. Physical
Review Letters, 110(12), 2013.
9 Wang-Kong Tse and S. Das Sarma. Spin hall effect in
doped semiconductor structures. Physical Review Letters,
96(5), 2006.
10 Hans-Andreas Engel, Bertrand I. Halperin, and Em-
manuel I. Rashba. Theory of spin hall conductivity in
n-doped GaAs. Physical Review Letters, 95(16), 2005.
11 Y. K. Kato. Observation of the spin hall effect in semicon-
ductors. Science, 306(5703):1910–1913, 2004.
12 Yun-Yi Pai, Anthony Tylan-Tyler, Patrick Irvin, and
Jeremy Levy. Physics of SrTiO3-based heterostructures
and nanostructures: a review. Reports on Progress in
Physics, 81(3):036503, 2018.
13 Shingo Ohta, Takashi Nomura, Hiromichi Ohta, Masahiro
Hirano, Hideo Hosono, and Kunihito Koumoto. Large ther-
moelectric performance of heavily nb-doped SrTiO3 epi-
taxial film at high temperature. Applied Physics Letters,
87(9):092108, 2005.
14 Hyunwoo Jin, Keundong Lee, Seung-Hyub Baek, Jin-Sang
Kim, Byung ki Cheong, Bae Ho Park, Sungwon Yoon,
B. J. Suh, Changyoung Kim, S. S. A. Seo, and Suy-
oun Lee. Large linear magnetoresistance in heavily-doped
6Nb:SrTiO3 epitaxial thin films. Scientific Reports, 6(1),
2016.
15 Seong Won Cho, Milim Lee, Sungmin Woo, Kanghoon
Yim, Seungwu Han, Woo Seok Choi, and Suyoun Lee. Ef-
fect of nb concentration on the spin-orbit coupling strength
in nb-doped SrTiO3 epitaxial thin films. Scientific Reports,
8(1), 2018.
16 Wenxu Zhang, Bin Peng, Fangbin Han, Qiuru Wang,
Wee Tee Soh, Chong Kim Ong, and Wanli Zhang. Separat-
ing inverse spin hall voltage and spin rectification voltage
by inverting spin injection direction. Applied Physics Let-
ters, 108(10):102405, 2016.
17 K. Ando, S. Takahashi, J. Ieda, Y. Kajiwara,
H. Nakayama, T. Yoshino, K. Harii, Y. Fujikawa, M. Mat-
suo, S. Maekawa, and E. Saitoh. Inverse spin-hall effect
induced by spin pumping in metallic system. Journal of
Applied Physics, 109(10):103913, 2011.
18 Ryo Iguchi, Kazuya Ando, Ryo Takahashi, Toshu
An, Eiji Saitoh, and Tetsuya Sato. Spin pump-
ing without three-magnon splitting in polycrystalline
bi$ {1}$y$ {2}$fe$ {5}$o$ {12}$/pt bilayer structure.
Japanese Journal of Applied Physics, 51:103004, 2012.
